
N A S A C O N T R A C T O R  N A S A  C R - 2 2 8 9  
R E P O R T  

o* 
00 
N 
N 

= 
U 

I 

VARIATION OF THE LOW LEVEL WINDS 
DURING THE PASSAGE OF 
A THUNDERSTORM GUST FRONT 

by R. W. Siizchir, R. A ,  Atzthes, utzd He A .  Pmofsky 

Prepared by 
THE PENNSYLVANIA STATE UNIVERSITY 
University Park, Pa. 16802 

f o r  George C. Alnrsbnll Space Flight Celrter 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. JULY 1973 



2. G O V E R N M N T  ACCESSION NO. . REPORT NO. 

NASA CR-2289 
I. T I T L E  AND SUBTITLE 

Variation of the  Low Level Winds During the  Passage 
of a Thunderstorm Gust Front 

I 

1. AUTHOR(S) 8. PERFORMING ORGAN1 ZATlON REPOR r j 
R. W .  S inc l a i r ,  R. A.  Anthes, and H. A.  Panofsky 

3. RECIP IENT 'S  CATALOG NO. 

5. REPORT DATE 
July 1973 

6. PERFORMING ORGANIZATION CCOE 
M i 1 3  

3 .  PERFORMING ORGANIZATION NAME AND ADDRESS 

The Pennsylvania S ta te  University 
University Park, Pennsylvania 16802 

10. WORK UNIT  NO. 

11.  CONTRACT OR GRANT NO. 
NAS8-27334 

2. SPONSORING AGENCY NAME AND ADDRESS 

L 
13. TYPE OF REPORT & PERIOD COVEREI 

Jan. 1972 - Nov. 1972 
National Aeronautics and Space Administration 
Washington, D. C .  20546 

unclass i f ied  unclassified 71  I I 

CONTRACTOR 

$3 .oo 

I 
IS. SUPPLEMENTARY NOTES 

This r epor t  prepared under the technical monitorship of the Aerospace 
Environment Division, Aero-As trodynamics Laboratory, NASA-Marshall Space 
F l igh t  Center. 

16. ABSTRACT 

Three t i m e  h i s to r i e s  of wind p ro f i l e s  i n  thunderstorm gust f ron t s  a t  Cape 
Kennedy and three  a t  Oklahoma City are analyzed. Wind p ro f i l e s  a t  maximum wind 
strength below 100 m follow logarithmic l a w s ,  s o  t ha t  winds above the surface 
layer  can be estimated from sur face  winds once the  roughness length is known. 

A s t a t i s t i c a l  analysis of 81 cases of surface winds during thunderstorms 
aL Tampa revealed no predictor with s k i l i  t o  predict the  t i m e  of maximum gust .  
Some 34% of t h e  variance of  the  s t rength  of the gust i s  accounted fo r  by a 
s t a b i l i t y  index and surface wind p r io r  t o  the gust ;  t h e  regression equations 
fo r  these var iab les  are given. 

The coherence between microscale wind speed var ia t ions  a t  the  d i f f e ren t  
l eve l s  h a s  t he  same proportions as i n  non-thunderstorm cases. 

17. K E t  WORDS 

thunderstorm f ron t  
gusts  
a i r c r a f t  response 
wind shear 

19. SECURITY CLASSIF. (of thlm repart) 20. SECURITY CLA 

18. DISTRIBUTION STATEMENT 

20 

it F. (of t h l m  p i e )  21. NO, OF PAGES 22. PRICE 

* For sale by the National Technical  Information Service, Springfield, Virginia 22151 



FOREWORD 

The r e s e a r c h  r e p o r t e d  h e r e i n  w a s  supported by NASA Con t rac t  NAS8- 
2 7 3 3 4 .  D r .  George H. F i c h t l  of the Aerospace Environment D i v i s i o n ,  
Aero-Astrodynamics Labora to ry ,  Marsha l l  Space F l i g h t  C e n t e r ,  w a s  t h e  
s c i e n t i f i c  mon i to r ,  and suppor t  was provided by M r .  John Enders of t h e  
Aeronau t i ca l  Opera t ing  Systems D i v i s i o n ,  O f f i c e  of Advanced Research 
and Technology, NASA Headquar te rs .  

The r e s e a r c h  r e 2 o r t e d  i n  t h i s  document is  concerned w i t h  t h e  r e s u l t s  
of a s t u d y  of t h e  e m p i r i c a l  c h a r a c t e r i s t i c s  of thunders torm g u s t  f r o n t s  
f o r  t h e  d e s i g n  and s a f e  o p e r a t i o n  of a e r o n a u t i c a l  systems. 
of an i n v e s t i g a t i o n  of t h e  e f f e c t  of s eve re  a tmospher ic  f o r c i n g  on 
a e r o n a u t i c a l  systems.  P o r t i o n s  of t h e  study r e l a t i n g  t o  v e h i c l e  
r e sponse ,  numer ica l  modeling of t h e  g u s t  f r o n t ,  and s t a t i s t i ca l  
a n a l y s i s  of e v o l u t i o n a r y  p rocesses  w i l l  b e  made a v a i l a b l e  as they  
are  completed. 

It i s  p a r t  

The d a t a  used h e r e i n  w a s  s u p p l i e d  by NASA through D r .  F i c h t l  and 
t h e  N a t i o n a l  Severe  Storms Labora tory  through D r .  Edwin Kessler. 
M r .  Dennis Deaven of t h e  Department of Meteorology a t  Penn S t a t e  
provided i n v a l u a b l e  a i d  wi th  t h e  computer a n a l y s e s  used h e r e i n .  

iii  



TABLE OF CONTENTS 

Page 
L I S T O F T A B L E . .  V . . . . . . . . . . . . . . . . . . . . . . . . . .  
LIST OF FIGURES v i  

1 . 0  INTRODUCTION 1 
1.1 Statement  of Problem 1 
1 . 2  P rev ious  Reasearch 1 

. . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  
1 .3  S p e c i f i c  Goal of Th i s  Research . . . . . . . . . . . . . .  6 

2.0 THE OBSERVATIONS 7 
2 . 1  Kennedy Tower Data . . . . . . . . . . . . . . . . . . . .  7 
2 .2  NSSL-WKY Tower Data . . . . . . . . . . . . . . . . . . . .  9 
2 . 3  Tampa Data 9 

. . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . .  
3 .0  ANALYSIS OF TOWER DATA . . . . . . . . . . . . . . . . . . . . .  11 

3 . 1  Relevant  T i m e  Scales . . . . . . . . . . . . . . . . . . .  11 
3.2 Smoothing t h e  Wind Data . . . . . . . . . . . . . . . . . .  18 
3 . 3  Summary of t h e  S ix  Gust Front  Cases . . . . . . . . . . . .  18 

4.0 MODELING THE THUNDERSTORM GUST FRONT . . . . . . . . . . . . . .  24 
4 . 1  Sca led  Time-height Cross  S e c t i o n s  . . . . . . . . . . . . .  24 

4 . 3  
4 . 2  Test of Logari thmic Wind Law Hypothes is  . . . . . . . . . .  28 

Comparison of Roughness Length Under Thunderstorm 
Condi t ions  wi th  Those Under Non-thunderstorm 
Condi t ions  . . . . . . . . . . . . . . . . . . . . . . . .  36 
I m p l i c a t i o n s  of t h e  Logar i thmic  Wind Law f o r  t h e  4 . 4  
P r e d i c t i o n  of t h e  Gust F ron t  Wind Speeds . . . . . . . . .  38 

5 .0  STATISTICAL RELATIONSHIP OF GUST FRONT PARAMETERS TO 
RAWINSODE AND W A R  VARIABLES . . . . . . . . . . . . . . . . .  50 
5 . 1  Choice of Independent V a r i a b l e s  . . . . . . . . . . . . . .  50 
5 . 2  The V a r i a t i o n  of A t  Based on a Simple Kinematic 

M o d e l . .  . . . . . . . . . . . . . . . . . . . . . . . . .  51 

5 .4  Di scuss ion  of  Regress ion  Equat ions  . . . . . . . . . . . .  59 
5 .3  Development of Regress ion  Equat ions  . . . . . . . . . . . .  56 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64 

iv 



LIST OF TABLES 

Tab1 e Page 

1 Values of d e s c r i p t i v e  parameters  f o r  t h e  s i x  g u s t  
f r o n t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 Average wind d i r e c t i o n s ,  average  r a t i o  o f  90 m 
winds t o  18 m winds and cor responding  roughness 
l e n g t h s  f o r  t h e  s i x  g u s t  f r o n t s .  Also shown are 
p r e v i o u s l y  determined roughness l e n g t h s  f o r  t h e  
l i s t e d  wind d i r e c t i o n s  . . . . . . . . . . . . . . . . . . . . . .  

3 Means and s t a n d a r d  d e v i a t i o n s  f o r  each v a r i a b l e  
and c o r r e l a t i o n  c o e f f i c i e n t s  f o r  each  p o s s i b l e  
p a i r  of v a r i a b l e s  f o r  t h e  81 thunderstorm c a s e s  
from Tampa, F l o r i d a  . . . . . . . . . . . . . . . . . . . . . .  

23 

40 

58 

V 



Fipure  

LIST OF FIGURES 

Page 

1 Time-height c r o s s  s e c t i o n  of t h e  one-second ave rage  
wind speeds  f o r  t h e  F l o r i d a  g u s t  f r o n t  of 
J u l y  2 7 , 1 9 6 7 . .  . . . . . . . . . . . . . . . . . . . . . . . .  8 

2a Time-height c r o s s  s e c t i o n  of t h e  130-second running  mean 
of wind speeds f o r  t h e  F l o r i d a  g u s t  f r o n t  of  J u l y  27, 1967. 

< The i s o t a c h s  i n  t h i s  f i g u r e  are expressed  i n  mps 1 2  . . . . . . . .  
2b Time-height c r o s s  s e c t i o n  of t h e  130-second runn ing  mean 

of wind d i r e c t i o n s  f o r  t h e  F l o r i d a  g u s t  f r o n t  of  
J u l y  27, 1967. The i sogons  i n  t h i s  f i g u r e  are 
expressed i n  deg rees  . . . . . . . . . . . . . . . . . . . . . .  13 

3a  Time-height cross s e c t i o n  of t h e  130-second running  mean 
of wind speeds f o r  t h e  F l o r i d a  g u s t  f r o n t  of  A p r i l  29, 1968. 
The i s o t a c h s  i n  t h i s  f i g u r e  are  expressed  i n  mps . . . . . . . .  14 

3b Time-height c r o s s  s e c t i o n  of  t h e  130isecond running  mean 
of wind d i r e c t i o n s  f o r  t h e  F l o r i d a  g u s t  f r o n t  of 
A p r i l  29,  1968. The i sogons  i n  t h i s  f i g u r e  are  
expressed i n  deg rees  . . . . . . . . . . . . . . . . . . . . . .  15 

4a Time-height c r o s s  s e c t i o n  of  t h e  130-second running  mean 
of wind speeds f o r  t h e  F l o r i d a  g u s t  f r o n t  of  June  25, 1968. 
The i s o t a c h s  i n  t h i s  f i g u r e  are expressed  i n  mps . . . . . . . .  16 

4b Time-height c r o s s  s e c t i o n  of  t h e  130-second running  mean 
of wind d i r e c t i o n s  f o r  t h e  F l o r i d a  g u s t  f r o n t  of  June  25, 
1968. The i sogons  i n  t h i s  f i g u r e  are expressed  i n  deg rees .  . . .  17 

5 Time-height c r o s s  s e c t i o n  of t h e  hand-smoothed wind speeds  
f o r  t h e  Oklahoma g u s t  f r o n t  of A p r i l  1 6 ,  1969. The i s o t a c h s  
i n  t h i s  f i g u r e  are expressed  i n  mps . . . . . . . . . . . . . . .  19 

6 Time-height c r o s s  s e c t i o n  of  t h e  manually-smoothed wind speeds  
f o r  t h e  Oklahoma g u s t  f r o n t  of  A p r i l  29,  1969. The i s o t a c h s  
i n  t h i s  f i g u r e  are expressed  i n  mps . . . . . . . . . . . . . . .  20 

- 7 Time-height c r o s s  s e c t i o n  of t h e  manually-smoothed wind speeds  
f o r  t h e  Oklahoma g u s t  f r o n t  of May 31,  1969. The i s o t a c h s  
i n  t h i s  f i g u r e  a r e  expres sed  i n  mps . . . . . . . . . . . . . . .  21 

8 Scaled t ime-height  c r o s s  s e c t i o n  of wind speed f o r  t h e  
F l o r i d a  g u s t  f r o n t  of J u l y  27, 1967 . . . . . . . . . . . . . . .  25  

vi 



LIST OF FIGURES (Continued) 

F igu re  Page 

9 Sca led  t ime-height c r o s s  s e c t i o n  of wind speed f o r  
26 t h e  F l o r i d a  g u s t  f r o n t  of A p r i l  29, 1968 . . . . . . . . . . . . .  

10 Sca led  t ime-he ight  c r o s s  s e c t i o n  of  wind speed f o r  
t h e  F l o r i d a  g u s t  f r o n t  of June 25, 1968 . . . . . . . . . . . . .  27  

11 Rat io  of  wind speed t o  speed a t  18 m vs .  h e i g h t  and 
s c a l e d  t i m e  f o r  t h e  F l o r i d a  g u s t  f r o n t  of 
J u l y  2 7 , 1 9 6 7  30 . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 2  R a t i o  of  wind speed t o  speed a t  18 m vs .  h e i g h t  and 
s c a l e d  t i m e  f o r  t h e  F l o r i d a  g u s t  f r o n t  of  

31 A p r i l  29, 1 9 6 8 .  . . . . . . . . . . . . . . . . . . . . . . . . .  
13 R a t i o  o f  wind speed t o  speed a t  18 m vs .  h e i g h t  and 

s c a l e d  t i m e  f o r  t h e  F l o r i d a  g u s t  f r o n t  of 
32 June  2 5 , 1 9 6 8  . . . . . . . . . . . . . . . . . . . . . . . . . .  

14  R a t i o  of wind speed t o  speed a t  18 m vs .  h e i g h t  and 
s c a l e d  t i m e  f o r  t h e  Oklahoma g u s t  f r o n t  of 
A p r i l  1 6 ,  1969 33 . . . . . . . . . . . . . . . . . . . . . . . . . .  

15 R a t i o  of  wind speed t o  speed a t  18 m vs.  h e i g h t  and 
s c a l e d  t i m e  f o r  t he  Oklahoma g u s t  f r o n t  of 
A p r i l  2 6 , 1 9 6 9 .  34 . . . . . . . . . . . . . . . . . . . . . . . . .  

1 6  R a t i o  o f  wind speed t o  speed a t  18 mvs. h e i g h t  and 
s c a l e d  t i m e  f o r  t h e  Oklahoma g u s t  f r o n t  of 

35 May 31, 1 9 6 9 .  . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 7  Roughness l e n g t h ,  z o ,  as a f u n c t i o n  of d i r e c t i o n  a t  

t h e  Kennedy tower (Blackadar et a l . ,  1972) . . . . . . . . . . . .  37 

18 Roughness l e n g t h ,  z o ,  as a f u n c t i o n  of d i r e c t i o n  at 
t h e  WKY Oklahoma tower 38 . . . . . . . . . . . . . . . . . . . . . .  

1 9  Comparison of observed 90 m wind wi th  t h e  30 m 
wind m u l t i p l i e d  by t h e  average  rat.i.0, Vgo/V30, 
f o r  t h e  F l o r i d a  g u s t  f r o n t  of J u l y  2 7 ,  1967 . . . . . . . . . . .  42 

20 Comparison of obeerved 90 m wind wi th  t h e  30 m 
wind m u l t i p l i e d  by t h e  average  r a t i o ,  V g O / V  
f o r  t h e  F l o r i d a  g u s t  f r o n t  of A p r i l  29, 1963': 43 . . . . . . . . . .  

v i i  



LIST OF FIGURES (Continued) 

F igu re  Page 
2 1  Comparison of observed 90 m wind wi th  t h e  30 m 

wind m u l t i p l i e d  by t h e  ave rage  r a t i o ,  V g O / V 3 o ,  
f o r  t h e  F l o r i d a  gus t  f r o n t  of June  25, 1968 . . . . . . . . . . . 44 

22 Comparison of observed 90 m wind wi th  t h e  7 m 
wind m u l t i p l i e d  by t h e  ave rage  r a t i o ,  Vgo/V7, 
f o r  t h e  Oklahoma g u s t  f r n n t  of A p r i l  1 6 ,  1969 . . . . . . - . . . 45 

?3 Comparison of  observed 90 m wind wi th  t h e  7 llli 

wind m u l t i p l i e d  by t h e  ave rage  r a t i o ,  Vg0/V,,  
f o r  t h e  Oklahoma g u s t  f r o n t  of A p r i l  26,  1969 . . . . . . . . . . 46 

24 Comparison of observed 90 m wind wi th  t h e  7 m 
wind m u l t i p l i e d  by t h e  ave rage  r a t i o ,  Vg / v7 ,  
for  t h e  Oklahoma g u s t  f r o n t  of May 31,  1869 . . . . . . . . . . . 47 

25 Schematic diagram of  g u s t  f r o n t  . . . . . . . . . . . . . . . . . 52 

26 A t  vs. g u s t  f r o n t  age  . . . . . . . . . . . . . . . . . . . . . . 54 

27 A t  v s .  s t a t i o n  d i s t a n c e  from c e n t e r  of s to rm 
t r a c k ( R ) .  . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 

28 S c a t t e r  diagram wi th  l i n e  of b e s t  f i t  of t h e  
speed maximum vs. t h e  ave rage  speed b e f o r e  t h e  
g u s t f r o n t  . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 

29 S c a t t e r  diagram wi th  l i n e  o f  b e s t  f i t  o f  t h e  
speed maximum vs.  t h e  i n s t a b i l i t y  index  . . . . . . . . . . . . . 62 

viii 



1.0 INTRODUCTION 

1.1 Statement  of  Problem 

One a tmospher ic  phenomenon t h a t  may adve r se ly  a f f e c t  t h e  o p e r a t i o n  

of a e r o n a u t i c a l  systems i s  t h e  c o l d  su rge  o r  g u s t  f r o n t  accompanying 

thunders torms .  A s  t h e  co ld  downdraft  a s s o c i a t e d  wi th  t h e  mature  o r  

decaying  thunders torm c e l l  r eaches  t h e  ground and s p r e a d s  o u t  h o r i z o n t a l l y ,  

t h i s  c o o l ,  r e l a t i v e l y  dense  a i r  pushes under t h e  warmer, l i g h t e r  ambient 
% 

a i r .  The i n t e r f a c e  between t h e  two a i r  masses of  d i f f e r e n t  d e n s i t i e s  i s  

c a l l e d  t h e  pseudo c o l d  f r o n t  o r  g u s t  f r o n t .  T h i s  f r o n t  may p recede  t h e  

main s to rm c e l l  by as much as t e n  m i l e s .  The s t r o n g  ver t ical  and h o r i z o n t a l  

wind s h e a r s  a s s o c i a t e d  wi th  t h e  g u s t y  winds behind t h e  f r o n t  are p o t e n t i a l  

dange r s  t o  t h e  s a f e  o p e r a t i o n  of  a i r c r a f t  and l aunch  v e h i c l e s .  

In  t h i s  r e p o r t  w e  i n v e s t i g a t e  t h e  s t r u c t u r a l  p r o p e r t i e s  of s i x  g u s t  

f r o n t s .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  v a r i a t i o n  of wind speed w i t h  t i m e  

and h e i g h t .  I n  a n  e f f o r t  t o  develop a s t a t i s t i c a l  p r e d i c t i o n  scheme f o r  

t h e  wind speed from t h e  s u r f a c e  t o  about  150 m d u r i n g  t h e  pas sage  of a 

g u s t  f r o n t ,  w e  have s c a l e d  t h e  winds so t h a t  c e r t a i n  s imilar i t ies  among 

s torms  are p r e s e n t .  We then  a t t empt  t o  r e l a t e  t h e  s c a l i n g  parameters  t o  

measurable  s y n o p t i c  scale and r a d a r  v a r i a b l e s ,  based on d a t a  from 81 

thunders torm cases i n  Tampa, F l o r i d a .  

1 . 2  P rev ious  Research 

The low- leve l  v a r i a t i o n  of wind under h igh  wind c o n d i t i o n s  h a s  been 

' t h e  s u b j e c t  of numerous e m p i r i c a l  s t u d i e s .  A s  e a r l y  as 1937, Sher lock  and 



Stou t  (1937) i n v e s t i g a t e d  t h e  e f f e c t  o f  wind l o a d i n g  of e l ec t r i c  power 

l i n e s  du r ing  h igh  wind s i t u a t i o n s .  They ana lyzed  t h e  v e r t i c a l  v a r i a t i o n  

(up t o  250 f e e t )  of wind d u r i n g  two win te r  s to rms ,  and noted  t h a t  g u s t  

maxima occurred  i n  t h e  upper  levels  f i r s t :  a t i m e  l a g  of  several seconds 

ex i s t ed  between t h e  t o p  and t h e  50 f o o t  level.  

Cons iderable  a t t e n t i o n  has  been d i r e c t e d  toward t h e  p r e d i c t i o n  of  

peak s u r f a c e  wind g u s t s  d u r i n g  thunders torms .  Fawbush and Miller (1954) 

developed a n  e m p i r i c a l  t echn ique  f o r  f o r e c a s t i n g  maximum s u r f a c e  wind speed .  
8 

The i r  method, c a l l e d  t h e  downrush t empera tu re  t echn ique ,  was based on 

Branca to ' s  (1942) d i scove ry  t h a t  tempera tures  of downdraf t s  r each ing  t h e  

s u r f a c e  i n  thunders torms  are approximate ly  equa l  t o  t h e  s u r f a c e  tempera- 

t u r e  of t h e  mois t  a d i a b a t  th rough t h e  i n t e r s e c t i o n  of  t h e  envi ronmenta l  

wet-bulb curve  and t h e  z e r o  deg ree  i so therm.  

Fos t e r  (1958) dev i sed  a method based on t h e  buoyancy equa t ion  t o  

compute t h e  ver t ica l  v e l o c i t y  i n  a downdraf t .  Th i s  c a l c u l a t e d  downdraf t  

v e l o c i t y  was then  c o r r e l a t e d  wi th  peak wind g u s t s  a t  t h e  s u r f a c e .  The 

c o r r e l a t i o n  c o e f f i c i e n t  of  0.5 was d i s a p p o i n t i n g l y  s m a l l ,  b u t  it w a s  

s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  one pe rcen t  level .  To t e s t  t h e  

hypothes is  t h a t  t h e  downdraf t  t r a n s p o r t e d  uppe r - l eve l  momentum t o  t h e  

s u r f a c e ,  t h e  average  wind speeds  a t  500 and 700 m i l l i b a r s  were added t o  

t h e  computed downdraft  v e l o c i t y .  Th i s  a d d i t i o n  y i e l d e d  a n  improvement 

i n  the c o r r e l a t i o n  c o e f f i c i e n t  of  on ly  0.01.  The re fo re ,  l i t t l e  u s e f u l  

' in format ion  had been added. 

Feter is  (1965) extended F o s t e r ' s  and Fawbush and Miller 's  t echn iques  

by cons ide r ing  combina t ions  of  parameters  r a t h e r  t h a n  s i n g l e  parameters  

as p r e d i c t o r s .  An impor tan t  parameter  w a s  t h e  i n s t a b i l i t y  index ,  AT, 
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d e f i n e d  as t h e  d i f f e r e n c e  between Fawbush and Mil ler ' s  downrush t empera tu re  

and t h e  ambient a i r  t empera tu re  a t  t h e  s u r f a c e .  When AT w a s  less t h a n  

z e r o ,  a s t r o n g  r e l a t i o n  e x i s t e d  between maximum wind speed a t  t h e  s u r f a c e  

and mean v e r t i c a l  wind s h e a r  i n  t h e  t roposphere.  Th i s  r e l a t i o n s h i p  

suppor t ed  t h e  hypo thes i s  t h a t  t r a n s f e r  of  momentum from t h e  middle  and 

upper t roposphe re  occurred  under convec t ive ly  u n s t a b l e  c o n d i t i o n s .  The 

r e s u l t s  of t h e  m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s t s  i n d i c a t e d  t h a t  t h e  

combination of  AT and t h e  s u r f a c e  geos t roph ic  wind speed exp la ined  t h e  

l a r g e s t  pe rcen tage  of t h e  v a r i a n c e .  On the  o t h e r  hand, t h e  p r e d i c t o r s  

sugges ted  by Fawbush and Miller exp la ined  v e r y  l i t t l e  v a r i a n c e  of t h e  

peak wind g u s t .  

Miller (1967) s t a t e d  t h a t  t h e  downrush t empera tu re  t echn ique  w a s  no t  

dgsigned f o r  t r o p i c a l - t y p e  thunders torms .  Because t h e  wet-bulb z e r o  d e g r e e  

i so the rm i n t e r s e c t i o n  i n  t h e  s u b t r o p i c s  during t h e  summer i s  w e l l  above 

10 ,500  f e e t ,  a i r  from t h i s  l e v e l  seldom reaches t h e  s u r f a c e .  Consequently,  

t h i s  t e c h n i q u e  g i v e s  f o r e c a s t s  of wind speed which are t o o  h igh .  

a l s o  i n d i c a t e d  t h a t  t h e  d ry  i n s t a b i l i t y  index showed promise i n  p r e d i c t i n g  

maximum g u s t  speeds  i n  r e g i o n s  where thunderstorm development is  p r i m a r i l y  

a s s o c i a t e d  w i t h  s u r f a c e  h e a t i n g .  

Miller 

I n  1965,  d a t a  from a micrometeoro logica l  network of 14 towers 

equipped w i t h  wind s e n s o r s  a t  v a r i o u s  l e v e l s  were used t o  tes t  t h e  down- 

r u s h  t e m p e r a t u r e  t echn ique  a t  Cape Kennedy, F l o r i d a  (Aerospace Review, 

1965) .  Although t h i s  t echn ique  tended t o  o v e r p r e d i c t  peak wind g u s t s ,  

i t  d i d  prove  t o  be  u s e f u l  as a f o r e c a s t  a id .  

a l s o  po in ted  t o  t h e  complexity of t h e  problem o f  p r e d i c t i n g  peak winds 

The r e s u l t s  from t h i s  s tudy  
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a s s o c i a t e d  wi th  i n d i v i d u a l  thunders torms .  The r e g i o n s  of h igh  winds w e r e  

extremely l o c a l i z e d  and s h a r p l y  edged. Thus a ve ry  dense  o b s e r v a t i o n a l  

network i s  necessa ry  i n  o r d e r  t o  a c c u r a t e l y  v e r i f y  p r e d i c t i o n  methods.  

Hiser, Senn and C o u r t r i g h t  (1970) a t tempted  t o  re la te  s t r o n g  winds 

i n  t r o p i c a l  thunders torms  t o  r a d a r  pa rame te r s ,  Peak g u s t s  were c o r r e l a t e d  

wi th  echo f e a t u r e s  i n c l u d i n g  ce l l  movement, age  of s torm,  h o r i z o n t a l  and 

v e r t i c a l  s i z e ,  growth ra tes  of t h e  thunders torm t o p  and i n t e n s i t y  of r a d a r  

r e t u r n .  Although no s i n g l e  echo parameter  could  be  used t o  i d e n t i f y  

a l l  seve re  wind cases i n  s o u t h  F l o r i d a ,  a combinat ion of parameters  showed 

promise. 

Laboratory exper iments  have provided a u s e f u l  ana logy  between 

atmospheric  g u s t  f r o n t s  and d e n s i t y  c u r r e n t s .  Simpson (1969) found 

s i m i l a r i t i e s  between the i n t r u s i o n  of a s a l i n e  s o l u t i o n  i n t o  f r e s h  water 

and thunderstorm ou t f lows .  I n  most g u s t  f r o n t s  examined, i n t e r n a l  Froude 

numbers ( r a t i o s  of i n e r t i a l  t o  buoyancy f o r c e ) ,  were similar t o  t h o s e  found 

i n  tank exper iments .  

Colrner (1971) summarized t h e  c h a r a c t e r i s t i c s  of g u s t  f r o n t s  i n  

d i f f e r e n t  p a r t s  of  t h e  world,  i n c l u d i n g  several examples from Oklahoma. 

The t o t a l  wind v e c t o r  change a s s o c i a t e d  wi th  Oklahoma g u s t  f r o n t s  w a s  much 

g r e a t e r  t h a n  i n  t h e  Bedford,  England o r  Belg ian  Congo g u s t  f r o n t s ,  due  

t o  both t h e  g r e a t e r  speed and g r e a t e r  d i r e c t i o n  changes.  Analyses  of  t h e  

v e r t i c a l  c r o s s  s e c t i o n s  of wind speeds  of  13 g u s t  f r o n t s  i n d i c a t e d  t h a t  

o n l y  f i v e  resembled Simpson's l a b o r a t o r y  d e n s i t y  c u r r e n t  model which 

showed a l a g  n e a r  t h e  lower boundary. 

o n l y  i n t e r m i t t e n t l y ,  be ing  d e s t r o y e d  by c o l d  dense  a i r  from a l o f t ,  t h e n  

Colmer sugges ted  t h a t  t h i s  l a g  o c c u r s  

4 



re forming  due t o  s u r f a c e  stress. The average g u s t  s i z e  (wind speed 

i n c r e a s e )  showed a n  i n c r e a s e  wi th  h e i g h t  i n  t h e  lower l a y e r  ( abou t  500 m), 

w i t h  most of  t h i s  i n c r e a s e  o c c u r r i n g  i n  the  f i r s t  50 m. The ave rage  

g u s t  l e n g t h  ( t h e  d i s t a n c e  ove r  which t h e  gus t  s i z e  occur red )  showed a 

s l i g h t  d e c r e a s e  w i t h  h e i g h t .  

w i th  h e i g h t  i n  most o f  t h e  13 g u s t  f r o n t s .  

Wind d i r e c t i o n  s h i f t s  were n e a r l y  c o n s t a n t  

La rge r  g u s t s  were a s s o c i a t e d  wi th  f a s t e r  moving s torms .  D i f f e r e n c e s  

i n  t h e  g u s t  f r o n t s  were a l s o  r e l a t e d  t o  d i f f e r e n c e s  i n  t h e  age  o f  t h e  

s torm.  The g u s t  f r o n t  t ends  t o  occur  c l o s e  t o  t h e  s torm c e n t e r  w h i l e  

t h e  s torm i s  i n  t h e  deve loping  and mature s t a g e s ,  and then  moves f u r t h e r  

ahead d u r i n g  t h e  decaying  s t a g e s .  On t h e  average ,  t h e  wind s h i f t  l i n e  

preceded t h e  g u s t  f r o n t  by o n l y  a few minutes .  The gus t  s i z e  v a r i e d  i n  

a d i r e c t i o n  p a r a l l e l  t o  t h e  g u s t  f r o n t ,  with t h e  maximum o c c u r r i n g  c l o s e  

t o  t h e  p r o j e c t e d  s torm t r a c k .  

A th ree-d imens iona l  a n a l y s i s  of  a severe  g u s t  f r o n t  a s s o c i a t e d  wi th  

t h e  Oklahoma squa l  l i n e  o f  May 31,  1969, was p re sen ted  by Charba (1972) .  

A w i n d s h i f t  and p r e s s u r e  jump preceded t h e  co ld  a i r  ou t f low.  

sugges ted  t h a t  t h i s  p r e s s u r e  d i s c o n t i n u i t y  was t h e  r e s u l t  o f  a g r a v i t y  

wave jump. A p r o j e c t i n g  nose ,  s i m i l a r  t o  those  found i n  l a b o r a t o r y  

c u r r e n t s ,  occu r red  about  750 m above t h e  ground. I t  was a l s o  demonstrated 

t h a t  t h e  g u s t  f r o n t  was dynamica l ly  s i m i l a r  t o  t h e o r e t i c a l  and exper imenta l  

g r a v i t y  c u r r e n t s  by t h e  nea r -equa l  v a l u e s  of t h e  i n t e r n a l  Froude numbers. 

Charba 

The r e s u l t s  o f  p rev ious  i n v e s t i g a t i o n s  t h a t  have a t tempted  t o  

deve lop  p r e d i c t i o n  schemes f o r  t he  peak wind g u s t  i n  a thunders torm have 

been o n l y  p a r t i a l l y  s u c c e s s f u l  i n  i s o l a t i n g  those  p rocesses  o r  parameters  
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t h a t  are impor tan t  i n  t h e  de t e rmina t ion  of t h e  g u s t  speed.  Even t h e  b e s t  

r e s u l t s  expla ined  on ly  s i x t y - s i x  p e r c e n t  of t h e  v a r i a n c e  ( F e t e r i s ,  1 9 6 5 ) .  

Th i s  d i s a p p o i n t i n g l y  low v a l u e  p o i n t s  t o  t h e  complexi ty  of t h e  thunder -  

s torm and t h e  a s s o c i a t e d  thunders torm g u s t  f r o n t .  The c i r c u l a t i o n s  a s s o c i a t e d  

wi th  thunderstorms are f u l l y  th ree -d imens iona l ,  non- l inea r ,  and non-steady.  

Energy sources  and s i n k s  are l a r g e .  

may d i f f e r  from s torm t o  storm. 

d i f f e r e n t .  The re fo re ,  i t  i s  n o t  s u p r i s i n g  t h a t  no s i n g l e  parameter  e x p l a i n s  

ve ry  much of t h e  v a r i a n c e  i n  thunders torm peak wind speeds .  

The pr imary causes  of thunders torms  

The environments  may a l s o  be  q u i t e  

1 . 3  S p e c i f i c  Goal of Th i s  Research 

I n  o r d e r  t o  p r e d i c t  a c c u r a t e l y  t h e  maximum wind speed a s s o c i a t e d  

wi th  any g iven  thunders torm,  i t  would probably  be  necessa ry  t o  deve lop  a 

t ime-dependent,  th ree-d imens iona l  model c a p a b l e  of  i n t e r a c t i n g  wi th  i t s  

environment.  Such a model would r e q u i r e  a r e p r e s e n t a t i o n  of t h e  impor tan t  

c loud phys ics  as w e l l  as t h e  cloud dynamics. Development of such  a model 

would r e q u i r e  a n  ex t remely  l a r g e  e x p e n d i t u r e  of money and e f f o r t ,  and i s  

c l e a r l y  o u t s i d e  t h e  scope  of t h i s  t h e s i s .  I n s t e a d ,  w e  i n v e s t i g a t e  t h e  t i m e -  

dependent ve r t i ca l  s t r u c t u r e  of  t h r e e  F l o r i d a  g u s t  f r o n t s  and compare t h e s e  

s u b t r o p i c a l  s torms  wi th  t h r e e  c o n t i n e n t a l  severe s torms  i n  a n  e f f o r t  t o  

a s c e r t a i n  whether any s imple ,  g e n e r a l  p r o p e r t i e s  of  t h e  wind s t r u c t u r e  e x i s t .  

We f u r t h e r  a t t empt  t o  re la te  s t a t i s t i c a l l y  any g e n e r a l  p r o p e r t i e s  of t h e  

wind s t r u c t u r e  t o  measurable  s y n o p t i c  a n d / o r  r a d a r  parameters  u t i l i z i n g  

d a t a  from Tampa, F l o r i d a .  
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2.0 THE OBSERVATIONS 

2.1 Kennedy Tower Data 

NASA's 150 m meteorological tower at Kennedy Space Center is 

located within Complex 39 Area on Merrit Island. There are no man- 

made structures o r  natural obstacles within several hundred feet of 

the tower which would cause unrepresentative distrubances in the ambient 

air flow. Wind speeds and directions were measured at 0.1 second 

intervals by means of dual-mounted sensors with the aid of a wind 

selector which automatically selected the proper side of the tower for 

recording. The data were collected at heights of 18, 30, 60, 9 0 ,  120 and 

150 m and recorded on magnetic tape. Additional information concerning 

the 150 m tower is given in NASA Technical Memorandum X-53699. 

The recorders were activated only when it seemed likely that a 

thunderstorm would pass over the tower. From the recordings, one- 

second averages of the data were computed and time-height cross sections 

were constructed. An example of a one-second average, time-height cross 

section is shown in Figure 1. 

21 situations. Of these, only three cases had strong, well-defined 

maxima which could be positively identified with a thunderstorm cell on 

the radar film obtained from Daytona Beach. 

temperature data and the great distance (50 mi) between Cape Kennedy and 

the Daytona Beach radar, it is impossible to say definitely that any or 

all of the three Kennedy wind increases are associated with gust fronts. 

Wind infomation was made available for 

Due to both the lack of 
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However, i n  t h i s  s t u d y ,  a l l  wind speed i n c r e a s e s  such as t h o s e  con ta ined  

i n  t h e s e  cases s h a l l  be  r e f e r r e d  t o  as t h e  speed maxima a s s o c i a t e d  wi th  

g u s t  f r o n t s .  

2.2  NSSL-WKY Tower Data 
I 

To compare t h e  g u s t  f r o n t s  a s s o c i a t e d  wi th  F l o r i d a  thunders torms  

wi th  more severe midwest thunders torms ,  t h r e e  severe thunders torm g u s t  

f r o n t  wind r e c o r d s  were ob ta ined  from t h e  Nat iona l  Severe  Storms Labora tory  

a t  Norman, Oklahoma. 

t h e  WKY t e l e v i s i o n  tower which i s  a l s o  used by t h e  Na t iona l  Severe  

Storms Labora tory  (NSSL) f o r  me teo ro log ica l  d a t a  c o l l e c t i o n .  T h i s  tower 

i s  l o c a t e d  approximate ly  seven  m i l e s  no r th -nor theas t  o f  downtown Oklahoma 

C i t y  and 23 m i l e s  n o r t h  of Norman, Oklahoma. 

r e l a t i v e l y  undeveloped. The wind s e n s o r s  a r e  Bendix-Friez aerovane  

wind t r a n s m i t t e r s  mounted on booms a t  h e i g h t s  of 7 ,  4 4 . 5 ,  90.5,  1 7 7 . 1 ,  

2 6 6 . 2 ,  3 5 5 . 4 ,  and 444.6  m. The s i g n a l s  f r o m  t h e  aerovanes  are recorded  

by ana log  wind r e c o r d e r s  o p e r a t i n g  a t  s i x  inches  per  hour .  

Wind d a t a  f o r  t h e s e  t h r e e  cases were reco rded  a t  

The su r round ing  area i s  

. 

A more d e t a i l e d  

1 d i s c u s s i o n  of  t h e  WKy tower is  con ta ined  i n  t h e  NSSL'Technical Memorandum 

# 5 0 .  

2 . 3  Tampa Data 

The t h r e e  F l o r i d a  cases and t h e  t h r e e  Oklahoma cases comprise  t h e  

g u s t  f r o n t  sample from which t h e  ver t ica l  and tempora l  v a r i a t i o n  of  t h e  

wind speeds  d u r i n g  t h e  passage  of  a t y p i c a l  g u s t  f r o n t  is  i n f e r r e d .  It 

w i l l  b e  shown t h a t  wind in fo rma t ion  n e a r  t he  s u r f a c e  i s  s u f f i c i e n t  t o  i n f e r  
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winds a t  h ighe r  levels .  

The second p a r t  of t h i s  r e p o r t  i s  concerned wi th  r e l a t i n g  parameters  

n e a r  t he  s u r f a c e  which d e s c r i b e  t h e  g u s t  f r o n t s ,  such  as t h e  maximum wind 

speed ,  t o  s y n o p t i c  scale and /o r  r a d a r  parameters .  

f o r  t h i s  a n a l y s i s .  Data were ob ta ined  from t h e  Na t iona l  C l i m a t i c  Center  

and were used i n  s t a t i s t i c a l  a n a l y s i s  t o  de t e rmine  t h e  p r e d i c t a b i l i t y  

of t hese  d e s c r i p t i v e  parameters .  These d a t a  c o n s i s t e d  of s u r f a c e  weather  

o b s e r v a t i o n s ,  r a d a r  o b s e r v a t i o n s ,  s u r f a c e  wind r eco rde r  c h a r t s  (12002 

and OOOOZ of  t h e  fo l lowing  d a t e ) ,  winds a l o f t  and rawinsonde t empera tu re  

and humidity in fo rma t ion  (12002 and OOOOZ of  t h e  fo l lowing  d a t e )  f o r  81 

storms a t  Tampa, F l o r i d a .  The d a t a  spanned t h e  summers (June through 

September) of  1967 through 1971. 

No tower i s  r e q u i r e d  
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3 . 0  ANALYSIS OF TOWER DATA 

3.1 Relevant  T ime  S c a l e s  

Before  d e s c r i b i n g  t h e  a n a l y s i s  of t h e  tower  d a t a ,  i t  i s  impor tan t  t o  

d e f i n e  t h e  r e l e v a n t  t i m e  scales a s s o c i a t e d  with t h e  g u s t  f r o n t .  I n  g e n e r a l ,  

a tmospher ic  c i r c u l a t i o n  f e a t u r e s  are  ca t egor i zed  by t h r e e  main t i m e  s c a l e s ,  

t h e  s y n o p t i c  scale of a few d a y s ,  t h e  mesoscale of a few h o u r s ,  and t h e  

m i c r o s c a l e  o f  a few seconds t o  minu tes .  From i n s p e c t i o n  of many t i m e s  

series of wind speeds du r ing  t h e  passage  of a thunders torm g u s t  f r o n t ,  

t h e r e  appear  t o  be a t  least two d i s t i n c t  time scales. One is  a s s o c i a t e d  

wi th  t h e  m i c r o s c a l e  t u r b u l e n c e  and has  a c h a r a t e r i s t i c  pe r iod  of a few 

seconds.  The o t h e r  i s  a s s o c i a t e d  wi th  t h e  organized l o n g e r - l i v e d  c i r c u l a t i o n  

of t h e  thunders torm i t s e l f  and has  a t y p i c a l  pe r iod  of about  20-30 

minutes .  This  pe r iod  i s  obvious ly  r e l a t e d  to  t h e  t i m e  s c a l e  a s s o c i a t e d  

wi th  i n d i v i d u a l  convec t ive  elements .  

The l a t t e r  t i m e  scale i s  of primary i n t e r e s t  i n  t h i s  s t u d y ,  For 

example, F i g u r e s  2a, 3 a ,  and 4a show 130-second ave rage  t ime-he ight  

I c r o s s  s e c t i o n s  of wind speed a t  Cape Kennedy d u r i n g  t h e  passage  of t h r e e  

thunders torm g u s t  f r o n t s .  

wind speed jump from a minimum t o  a maximum. 

AV,  i s  a t i m e  i n t e r v a l ,  A t .  The average  A t  f o r  t h e  wind i p c r e a s e  i n  a l l  

s i x  g u s t  f r o n t  cases was about 11 minutes .  The v a l u e s  of A t  and AV are 

b e l i e v e d  t o  b e  t h e  

p r e d i c t i o n .  

i a l l y  random and u n p r e d i c t a b l e .  

The prominent f e a t u r e  i n  each  f i g u r e  i s  t h e  

Assoc ia ted  wi th  this i n c r e a s e ,  

most impor tan t  c h a r a c t e r i s t i c s  needed f o r  g u s t  

The h i g h e r  f requency  o s c i l l a t i o n s  w i l l  be  cons ide red  e s s e n t -  
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3.2 Smoothing t h e  Wind Data 

The o r i g i n a l  wind d a t a  f o r  t h e  F l o r i d a  cases c o n s i s t e d  of  d a t a  

a t  0.1-second i n t e r v a l s  s t o r e d  on magnet ic  t a p e ,  which had been 

averaged ove r  one-second p e r i o d s .  To i s o l a t e  t h e  v a r i a t i o n s  i n  wind 

a s s o c i a t e d  wi th  t h e  l o n g e r  t i m e  scale ,  130-second moving ave rages  

were computed every  t e n  seconds.  

The o r i g i n a l  Oklahoma d a t a  c o n s i s t e d  of  s t r i p  c h a r t s  of  wind traces 

recorded a t  t h e  r a t e  of s i x  inches  p e r  hour .  These traces were f i r s t  

smoothed manual ly .  Time-height c r o s s  s e c t i o n s  were t h e n  c o n s t r u c t e d  by 

s e l e c t i n g  wind speeds  a t  2.5-minute i n t e r v a l s .  

p resne ted  i n  F igu res  5 ,  6 ,  and 7 .  

These a n a l y s e s  are 

Although a sampling i n t e r v a l  of 2 .5  minutes  i s  r a t h e r  l o n g  t o  

r ep resen t  a phenomenon wi th  a pe r iod  of  about  20 minu tes ,  p r i o r  smoothing 

of t h e  t i m e  series should  r educe  t h e  e f f e c t  o f  a l i a s i n g  on t h e  a n a l y s e s .  

The smoothed t ime-height  c r o s s  s e c t i o n s  (F igu res  2-7) formed t h e  

b a s i s  f o r  subsequent  a n a l y s i s .  A b r i e f  q u a l i t a t i v e  d e s c r i p t i o n  of  t h e  

s ix  gus t  f r o n t s  fo l lows  i n  t h e  n e x t  s e c t i o n .  

3 . 3  Summary of t h e  S i x  Gust Front  Cases 

Following Colmer (1971), t h e  parameters  AV (magnitude of wind 

i n c r e a s e )  and A t  ( l e n g t h  o f  t i m e  i n t e r v a l  ove r  which t h e  wind i n c r e a s e s )  

are  def ined  as t h e  g u s t  s i z e  and g u s t  l e n g t h  r e s p e c t i v e l y .  If t h e  speed 

o f  t h e  advancing g u s t  f r o n t ,  C ,  i s  c o n s t a n t ,  t h e  s p a t i a l  d i s t a n c e  from 

t h e  wind minimum t o  t h e  wind maximum may be  found by m u l t i p l y i n g  A t  by C .  

Several of t h e  impor tan t  parameters  which c h a r a c t e r i z e  the s i x  g u s t  f r o n t  

18 
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cases a r e  p re sen ted  i n  Table  1. These parameters  i n c l u d e :  1) maximum 

wind speed; 2)  g u s t  s i z e  a t  18 m; 3 )  g u s t  s i z e  a t  t h e  h e i g h t  of t h e  

maximum wind; 4 )  g u s t  l e n g t h  a t  18 m ;  5 )  g u s t  l e n g t h  a t  t h e  h e i g h t  of  

t h e  maximum wind; 6)  t h e  s l o p e  o f  t h e  peak g u s t  axis.  

I n  s p i t e  of t h e  d i f f e r e n c e s  among t h e  s ix  g u s t  f r o n t  c a s e s ,  several 

s imilar i t ies  may be  no ted .  I n  f i v e  o u t  of s i x  cases, t h e  g u s t  s i z e  i n -  

c r eased  with h e i g h t  and t h e  g u s t  l e n g t h  decreased  wi th  h e i g h t .  These 

r e s u l t s  a g r e e  wi th  t h e  ave rage  p r o p e r t i e s  found by Colmer (1971) .  

I n  a l l  s i x  cases, t h e  a x i s  of t h e  maximum wind was n e a r l y  v e r t i c a l .  

Both s l i g h t  upstream and downstream s l o p e s  e x i s t e d ,  bu t  no p r e f e r r e d  d i r e c t i o n  

w a s  e v i d e n t .  I n  a l l  cases, t h e  ve r t i ca l  wind s h e a r  i nc reased  over  t h e  g u s t  

l e n g t h  and reached a maximum a t  t h e  t i m e  of maximum wind. 

The v a r i a t i o n  from c a s e  t o  case i n  s l o p e  of t h e  peak g u s t  a x i s  as 

w e l l  as t h e  g u s t  f r o n t  i t s e l f  and t h e  v a r i a t i o n  i n  g u s t  l e n g t h  wi th  

h e i g h t  a r e  probably r e s u l t s  of  s u r f a c e  f r i c t i o n .  Colmer sugges ted  

t h a t  a lag i n  t h e  g u s t  f r o n t  n e a r  t h e  ground o c c u r s  i n t e r m i t t e n t l y ,  

so t h a t  t h e  dense r  c o l d  a i r  a l o f t  sp reads  o u t  ahead of t h e  s u r f a c e  

p o r t i o n  of t h e  g u s t  f r o n t .  Turbulen t  mixing t e n d s  t o  d e s t r o y  t h e  

overhanging bu lge  as t h e  dense  a i r  s i n k s  toward t h e  s u r f a c e .  The l a g  

t h e n  reforms through t h e  e f f e c t  of s u r f a c e  d rag .  These two non-steady 

p rocesses  i n  t h e  immediate v i c i n i t y  of t h e  g u s t  f r o n t  may l e a d  t o  s m a l l  

s l o p e s  i n  e i t h e r  t h e  upstream o r  downstream d i r e c t i o n  a t  any t i m e ,  and 

they  a r e  u n p r e d i c t a b l e  f o r  a p a r t i c u l a r  s torm a t  a p a r t i c u l a r  l o c a t i o n .  

22 
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4 .0  MODELING THE THUNDERSTORM GUST FRONT 

4 . 1  Scaled Time-Height Cross  S e c t i o n s  

Di f f e rences  i n  magnitudes of  t h e  g u s t  s i z e ,  g u s t  l e n g t h ,  and h e i g h t  

a t  which t h e  peak g u s t  occu r s  make it  d i f f i c u l t  t o  draw g e n e r a l  c o n c l u s i o n s  

about  t he  v e r t i c a l  s t r u c t u r e  of t h e  wind speed a s s o c i a t e d  wi th  t h e  s ix  g u s t  

f r o n t s .  Sca led  t ime-height  c r o s s  s e c t i o n s  were c o n s t r u c t e d  i n  o r d e r  t o  

t e s t  t h e  h y p o t h e s i s  t h a t  t h e  g u s t  f r o n t s  d i f f e r  on ly  i n  magnitude,  b u t  

n o t  i n  b a s i c  s t r u c t u r e .  Empir ica l  s c a l i n g  parameters  f o r  t i m e ,  h e i g h t ,  

and v e l o c i t y  were used t o  c o n s t r u c t  non-dimensional t ime-height  c r o s s  

s e c t i o n s  of  v e l o c i t y .  For t h e  t i m e  s c a l i n g  pa rame te r ,  a n  obvious c h o i c e  

i s  g u s t  l e n g t h  A t .  The h e i g h t  s c a l i n g  parameter  was chosen t o  be t h e  

h e i g h t  a t  which t h e  maximum wind occur red ,  AZ.  The v e l o c i t y  s c a l i n g  

parameter was chosen t o  be t h e  g u s t  s i z e ,  AV. O f  t h e  t h r e e  s c a l i n g  

parameters ,  AZ w a s  t h e  most d i f f i c u l t  t o  d e f i n e .  A s  i n d i c a t e d  i n  t h e  un- 

s c a l e d  c r o s s  s e c t i o n s  (F igu res  2a ,  3 a ,  4a ,  5 ,  6 ,  and 7 ) ,  t h e  maximum wind 

is  e longated  i n  t h e  v e r t i c a l ,  so  t h a t  a p r e c i s e  d e f i n i t i o n  of  AZ i s  

d i f f i c u l t .  A l s o ,  i n  one Cape Kennedy c a s e ,  t h e  heFght of t h e  maximum 

occur s  above t h e  t o p  level  of  t h e  tower;  t h e  h e i g h t  i n  t h i s  case could  

be es t imated  on ly  approximate ly .  

F igures  8 ,  9 ,  and 10  show t h e  s c a l e d  c r o s s  s e c t i o n s  f o r  t h e  t h r e e  

Cape Kennedy cases. I n  c o n t r a s t  t o  t h e  unsca led  c r o s s  s e c t i o n s ,  t h e  

s c a l e d  g u s t  f r o n t  p r o f i l e s  are q u i t e  s i m i l a r .  

v e l o c i t i e s  are a l l  about  1 . 7  and occur  a t  z / A Z  and t / A t  of 1.0. These 

The maxima of s c a l e d  

24 
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r e s u l t s  i n d i c a t e  t h a t  i f  t h e  s c a l i n g  parameters  AV, A t ,  and AZ are  known, 

a t  least  p a r t  o f  t h e  wind s t r u c t u r e  of  t h e  g u s t  f r o n t  could be d e t e r -  

mined. The d i f f i c u l t y  l i e s  i n  p r e d i c t i n g  t h e  s c a l i n g  pa rame te r s ,  e s p e c i a l l y  

A Z .  Considerable  e f f o r t  has  been d i r e c t e d  toward t h e  p r e d i c t i o n  of  

peak s u r f a c e  wind g u s t s  (which should be c l o s e l y  r e l a t e d  t o  AV). 

parameter A t  might be  r e l a t e d  t o  parameters  such  as c e l l  s i z e  and speed 

of movement, which could  be  determined from r a d a r .  However, t h e r e  i s  

no obvious b a s i s  on which t o  choose A Z .  For t h i s  r e a s o n ,  t h e  e f f o r t  

t o  f i n d  a h e i g h t  s c a l i n g  parameter  w a s  abandoned and a s imple  h y p o t h e s i s  

t o  exp la in  t h e  wind s t r u c t u r e  was t e s t e d .  

t h a t  t h e  ve r t i ca l  v a r i a t i o n  of  t h e  wind a t  t h e  t i m e  o f  maximum wind 

speed might f o l l o w  t h e  l o g a r i t h m i c  wind l a w  i n  t h e  lower p o r t i o n  of t h e  

gus t  f r o n t ,  because l o g a r i t h m i c  p r o f i l e s  are known t o  occur  wi th  s t r o n g  

winds (Blackadar e t  a l . ,  1 9 7 2 ) .  

The 

This  hypo thes i s  w a s  s imply 

4 . 2  Test of  t h e  Logar i thmic  Wind Law Hypothesis  

The l o g a r i t h m i c  wind l a w  i s  de r ived  wi th  t h e  assumpt ion  t h a t  Richardson 

number, i s  s m a l l ,  where 

4 -  ao 
o a Z  R i  - 

( 4 . 1 )  

Here u and v a re  h o r i z o n t a l  v e l o c i t y  components i n  a r b i t r a r y  C a r t e s i a n  

d i r e c t i o n s .  The Richardson numbers a s s o c i a t e d  wi th  t h e  peak g u s t  are 

undoubtedly s m a l l ,  r e g a r d l e s s  of t h e  s t a t i c  s t a b g l i t y ,  because  of t h e  

28 



g r e a t  wind s h e a r .  The l o g a r i t h m i c  wind law states t h a t  t h e  r a t i o  of 

wind speeds  (V1 and V ) a t  two d i f f e r e n t  h e i g h t s  ( z  

on ly  of t h e  roughness l e n g t h ,  

and z ) i s  a f u n c t i o n  2 1 2 

=Os 

The roughness l e n g t h  depends upon t h e  upwind t e r r a i n .  The re fo re ,  a t  any 

one l o c a t i o n ,  z i s  a f u n c t i o n  of wind d i r e c t i o n .  Recent r e s u l t s  

(Blackardar  e t  a l . ,  1972) i n d i c a t e  t h a t  t h e r e  i s  no s y s t e m a t i c  d e p a r t u r e  

from t h e  l o g a r i t h m i c  wind l a w  qp t o  a he igh t  of about  1 5 0  m ,  which i s  

h i g h e r  t h a n  p rev ious ly  thought .  

0 

The f i r s t  s t e p  i n  t e s t i n g  t h e  v a l i d i t y  of t h e  l o g a r i t h m i c  wind l a w  

w a s  t h e  c o n s t r u c t i o n  of t ime-height c r o s s  s e c t i o n s  of t h e  r a t i o  

(V/V18) of t h e  wind speed t o  t h e  speed a t  18 m.  I f  t h e  l o g a r i t h m i c  

wind l a w  i s  v a l i d ,  t h e n  t h i s  r a t i o  should be a f u n c t i o n  on ly  of t h e  

roughness l e n g t h ,  which may depend on wind d i r e c t i o n ,  and a l s o  i s  

d i f f e r e n t  a t  Cape Kennedy and Oklahoma. In t h e  c o n s t r u c t i o n  of t h e s e  

c r o s s  s e c t i o n s ,  t h e  time axis w a s  scaled by At with the o r i g i n  chosen 

as t h e  t i m e  of t h e  wind minimum p r i o r  t o  t h e  g u s t  f r o n t .  Thus, t h e  peak 

g u s t  a lways  occur s  a t  t / A t  = 1. The 18 m wind speeds  f o r  Oklahoma were 

o b t a i n e d  

The r e s u l t i n g  i s o p l e t h  a n a l y s e s  are shown i n  f i g u r e s  11-16. 

by l i n e a r  i n t e r p o l a t i o n  between t h e  7 m and 44.5  iil levels.  
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F i g u r e  16.  Ra t io  of wind speed t o  speed a t  18 m vs” 
h e i g h t  and s c a l e d  t i m e  for t h e  Oklahoma 
g u s t  f r o n t  of May 31, 1969. 
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The s c a l e d  v e l o c i t 5 e s  a s s o c i a t e d  wi th  t h e  s i x  s c a l e d  c r o s s  

s e c t i o n s  show several impor tan t  s imi l i a r i t i e s .  The ve r t i ca l  s h e a r  i s  

concent ra ted  below 100 m y  and t h e  s h e a r  i s  r e l a t i v e l y  independent  of 

t i m e .  Above 100 m,  t h e  s t r u c t u r e  i s  more compl ica ted .  On t h e  ave rage ,  

t h e  vertical  s h e a r  i s  less. The several maxima and minima of s h e a r  

above 100 m i s  most of  t h e  s e c t i o n s  are no t  a s s o c i a t e d  wi th  t h e  maxima 

and minima i n  a c u t a l  wind speeds .  

The scaled speeds  i n  t h e  t h r e e  Oklahoma cases (F igu res  14-16) 

show a greater range  i n  t h e  s h e a r  t h a n  t h e  F l o r i d a  cases. However, t h e  

range  i n  t h e  lower 150 m i s  about  t h e  same. Throughout t h e  e n t i r e  t i m e  

i n t e r v a l ,  t h e  s h e a r  i n  t h e  lower levels i s  remarkably c o n s t a n t .  

The n e a r l y  s t e a d y - s t a t e  r a t i o  of V/V i n  t h e  lower 100  m of  each  18 

g u s t  f r o n t  s u p p o r t s  t h e  t e n a t i v e  h y p o t h e s i s  t h a t  t h e  l o g a r i t h m i c  wind 

l a w  i s  v a l i d  i n  t h i s  r e g i o n .  

w a s  t o  determine whether t h e  d i f f e r e n c e s  i n  t h e  r a t i o s  among t h e  s i x  

cases could be  exp la ined  on t h e  b a s i s  of d i f f e r e n t  roughness  l e n g t h s .  

The n e x t  s t e p  i n  t e s t i n g  t h i s  h y p o t h e s i s  

I 

4 . 3  Comparison of  Roughness Lengths  Under Thunderstorm Cond i t ions  

With Those Under Non-thunderstorm Cond i t ions  

I n  prev ious  s t u d i e s ,  Blackadar  e t  a l .  (1972) and Sanders  and 

Weber (1970) have e m p i r i c a l l y  de te rmined  roughness  l e n g t h s  f o r  t h e  

t e r r a i n  around t h e  Cape Kennedy and WKY Towers. Both studies w e r e  made 

under  s t rong  wind, b u t  non-thunderstorm,  c o n d i t i o n s .  P l o t s  of  

t h e  average z as a f u n c t i o n  of  az imuth ,  from t h e s e  s t u d i e s  are 

shown i n  F igu res  1 7  and 18 f o r  Cape Kennedy and Oklahoma. 

0’ 
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A t  Cape Kennedy (F igu re  1 7 ) ,  z o  v a r i e s  from about  0 . 3  m f o r  

n o r t h e a s t e r l y  winds t o  about  0 .8  m f o r  sou thwes te r ly  winds. I n  

Oklahoma, t h e  roughness l e n g t h s  are much smaller t h a n  t h e  Cape Kennedy 

v a l u e s ,  r ang ing  from about  0.01 m f o r  easterly winds t o  about  0.14 m 

f o r  s o u t h e a s t e r l y  winds. 

To compare t h e  v a l u e s  of z t h a t  are computed under thunders torm 0 

c o n d i t i o n s  t o  t h e  p r e v i o u s l y  determined va lues ,  r a t i o s  of t h e  wind speed 

a t  90 m t o  t h e  speed a t  18 m were averaged over  t h e  g u s t  f r o n t  f o r  each  

case. Roughness l e n g t h s  were then  computed from 

v2 

v1 
( - 1  

1 l nz  l n z  - 2 
1 l n z  = 0 ( 4 . 3 )  

The ave rage  r a t i o s ,  computed roughness l e n g t h s ,  and ave rage  wind 

d i r e c t i o n  f o r  

n e s s  l e n g t h s ,  

i n  F i g u r e s  1 7  

t h e  v a l u e s  o f  

each  g u s t  f r o n t ,  as w e l l  as p r e v i o u s l y  determined rough- 

are l i s t e d  i n  Table 2.  These v a l u e s  of z are a l s o  shown 

and 18 as a f u n c t i o n  of wind d i r e c t i o n .  The agreement between 

z computed under thunderstorm c o n d i t i o n s  wi th  t h e  v a l u e s  

0 

0 

determined under non-thunderstorm c o n d i t i o n s  i s  r easonab ly  good i n  f i v e  

o u t  of s i x  c a s e s .  Th i s  agreement i m p l i e s  t h a t  t h e  l o g a r i t h m i c  wind l a w  

is  v a l i d  up t o  about  100  m du r ing  t h e  g u s t  f r o n t  passage  and t h a t  t h e  

d i f f e r e n c e s  between t h e  speed r a t i o s  i n  the s i x  g u s t  f r o n t  c a s e s  might 

be  e x p l a i n a b l e  on t h e  b a s i s  of d i f f e r e n t  roughness l e n g t h s  a s s o c i a t e d  

wi th  va ry ing  t e r r a i n  and wind d i r e c t i o n s .  

The one Oklahoma case w h k h  has a roughness l e n g t h  of .290 m,  

compared t o  Sanders  and Weber's v a l u e  of ,022 m f o r  t h e  s a m e  wind d i r e c t i o n ,  
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s u g g e s t s  t h a t  more d a t a  must b e  analyzed i n  o r d e r  t o  de t e rmine  t h e  

b e s t  estimate of roughness  l e n g t h  f o r  a p a r t i c u l a r  wind d i r e c t i o n  a t  

t h e  WKY Tower. 

on ly  two cases, and when combined wi th  a v a l u e  of  .290 m found i n  t h i s  

s t u d y ,  i n d i c a t e s  t h a t  t h e  a c t u a l  roughness l e n g t h  i s  probably  between 

.22 m and .290 m. 

The .022 m roughness  l eng th  i s  based on a sample of 

The d i r e c t i o n a l  v a r i a t i o n  of  roughness l e n g t h s  a t  a s i t e  is  

u s u a l l y  unknown, bu t  by s tudy ing  t h e  surrounding t e r r a i n ,  a good 

q u a l i t a t i v e  estimate of t h e  ave rage  roughness l e n g t h  may be made. Such 

a n  estimate could then  be used t o  eva lua te  t h e  r a t i o s  of wind speeds  a t  

h i g h  and low level .  

level  winds w a s  determined s e p a r a t e l y  f o r  t h e  t h r e e  Cape Kennedy and 

t h e  t h r e e  Oklahoma cases. 

roughness  l e n g t h  f o r  each  l o c a t i o n .  

The re fo re ,  a n  average r a t i o  of upper  level  t o  lower 

Each ave rage  r a t i o  cor responds  t o  a n  ave rage  

F i g u r e s  19-21 i n d i c a t e  t h e  observed t i m e  v a r i a t i o n  of t h e  90 m wind 

and t h e  t i m e  v a r i a t i o n  of t h e  30 m wind p r o f i l e  m u l t i p l i e d  by t h e  

ave rage  r a t i o  V /V equa l  t o  1 .25  f o r  t h e  t h r e e  Cape Kennedy cases. 90 30 

Even though z does  va ry  wi th  d i r e c t i o n ,  t h e  u s e  of t h e  ave rage  r a t i o  

t o  compute t h e  upper  level  speed (implying a s i n g l e  ave rage  z 

succeeds  r easonab ly  w e l l .  

0 
of 0 .4  m) 0. 

A similar comparison of upper level wind (90 m) vs. t h e  lower 

level wind (7 m)  m u l t i p l i e d  by t h e  average r a t i o  of t h e  winds a t  t h e  

two levels V 

Th i s  r a t i o  w a s  t aken  as 1 .50 ,  implying an ave rage  Z ,  of .04 m. 

Again,  t h e  agreement i s  q u i t e  good. These r e s u l t s  i n d i c a t e  t h a t  i f  

/V 90 7 
i s  shown i n  F igu res  22-24 f o r  t h e  Oklahoma cases. 
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t h e  t i m e  dependent behavior  of t h e  wind a t  one lower l eve l  i s  known, 

t h e  v a r i a t i o n  of t h e  wind a t  t h e  o t h e r  levels (up t o  100 m) may b e  

c l o s e l y  e s t ima ted .  

4 . 4  Impl i ca t ions  of t h e  Logar i thmic  Wind Law f o r  t h e  P r e d i c t i o n  of  

t h e  Gust Front  Wind Speeds 

Because of t h e  v a l i d i t y  of  t h e  l o g a r i t h m i c  wind l a w  up t o  about  100 m 

d u r i n g  t h e  passage  of a thunders torm g u s t  f r o n t ,  t h e  winds up t o  100 m are 

related t o  a lower level  wind i n  a s imple  way. Although t h e  wind speed 

s t r u c t u r e  above 100 m i s  q u i t e  v a r i a b l e  from case t o  case, t h e  s h e a r  i s  

much l e s s  t han  t h a t  below 100 m. Thus, as a f i r s t  approximat ion ,  t h e  

g u s t  f r o n t  may be modeled by t h e  l o g a r i t h m i c  wind l a w  below 100 m and z e r o  

s h e a r  above 100 m. The re fo re ,  i f  t h e  l o c a l  roughness  l e n g t h  and t h e  t i m e  

dependent wind speed a t  any one l e v e l  a re  known, a n  estimate of t h e  

v e r t i c a l  c r o s s  s e c t i o n  of wind speed can  b e  made. 

The key parameters  i n  s p e c i f y i n g  t h e  wind speed behav io r  a t  a 

s i n g l e  l e v e l  are t h e  gus t  l e n g t h ,  A t ,  and t h e  g u s t  s i z e ,  AV. I f  t h e s e  

parameters  are  known, as estimate of  t h e  t i m e  dependent wind speed 

p r o f i l e  may be made by assuming some f u n c t i o n a l  form of t h e  wind 

increase ( f o r  example, 1 i n e a r ) o v e r  t h e  i n t e r v a l  A t .  

The i m p l i c a t i o n  of t h e  above r e s u l t s  i s  t h a t  a c rude  estimate of t h e  

t ime-dependent,  v e r t i c a l  wind speed s t r u c t u r e  d u r i n g  t h e  pas sage  of a 

g u s t  f r o n t  can be  made from knowledge of t h r e e  parameters :  1) t h e  ave rage  

roughness  l e n g t h ,  z which must be  e s t ima ted  f o r  each  l o c a t i o n ;  2 )  t h e  

g u s t  s i z e ,  AV, and; 3 )  t h e  g u s t  l e n g t h ,  A t .  

0 ’  
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The next question to be investigated is whether or not the latter 

two parameters can be statistically inferred from measurable synoptic 

scale and radar variables to enable short range predictions of the para- 

meters to be made. 

t 
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5..0 STATISTICAL RELATIONSHIPS OF GUST FRONT PARAMETERS 

TO RAWINSONDE AND RADAR VARIABLES 

5 .1  Choice of  Independent V a r i a b l e s  

The r e s u l t s  of t h e  p rev ious  s e c t i o n s  have i n d i c a t e d  t h a t  a c rude  

model of t h e  time-dependent ve r t i ca l  v a r i a t i o n  of t h e  wind speed d u r i n g  

t h e  passage of a thunders torm g u s t  f r o n t  may b e  c o n s t r u c t e d  from knowledge 

of t h e  roughness l e n g h t  2, t h e  g u s t  l e n g t h ,  A t ,  and peak g u s t ,  V . 
It i s  theref jore  impor tan t  t o  de t e rmine  whether o r  n o t  t h e s e  parameters  are  

s t a t i s t i c a l l y  r e l a t e d  t o  dynamic and thermodynamic v a r i a b l e s  t h a t  could  

be  obta ined  from nearby rawinsonde and /o r  r a d a r  o b s e r v a t i o n s .  For t h i s  

purpose,  rawinsonde, r a d a r ,  and s u r f a c e  o b s e r v a t i o n s  f o r  81 thunders torm 

cases were ob ta ined  from Tampa, F l o r i d a .  Tampa w a s  chosen because  of 

t h e  a v a i l a b i l i t y  of nearby r a d a r  and rawinsonde d a t a  and a l s o  because  

thunderstorms t h e r e  should be r e p r e s e n t a t i v e  of  s u b t r o p i c a l  thunders torms .  

The v a r i a b l e s  chosen t o  serve as p r e d i c t o r s  f o r  t h e  parameters  V 

0’ max 

max 

and A t  inc luded:  1 )  t h e  d r y  i n s t a b i l i t y  index ,  I; 2 )  maximum c loud  

h e i g h t  a t  t h e  t i m e  of t h e  peak g u s t ;  3 )  envi ronmenta l  wind speed a t  

t h e  maximum c loud  h e i g h t ;  4 )  maximum wind speed between 1000 and 500 

m i l l i b a r s ;  5) t h e  average  s u r f a c e  wind speed p r i o r  o t  t h e  g u s t ;  6 )  c e l l  

speed a t  t h e  t i m e  of t h e  maximum g u s t .  

The d ry  i n s t a b i l i t y  index ,  I, i s  a measure of t h e  s t a t i c  s t a b i l i t y  

of t h e  atmosphere.  Miller (1967)  h a s  p r e v i o u s l y  shown t h a t  I i s  a u s e f u l  

p r e d i c t o r  of  peak g u s t s  f o r  F l o r i d a  thunders torms .  The maximum c loud  
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h e i g h t  i s  i n d i c a t i v e  of t h e  i n t e n s i t y  of  convec t ion  and should t h e r e f o r e  

be p o s i t i v e l y  c o r r e l a t e d  wi th  V . Because r h e  downdraf ts  i n  cumulonimbus 

c louds  t r a n s p o r t  upper l e v e l  momentum t o  t h e  sui-face,  V 

p o s i t i v e l y  c o r r e l a t e d  wi th  t h e  wind speed a t  some upper  level. Two measures  

of t h e  upper l e v e l  wind were t e s t e d  as p r e d i c t o r s ;  one ,  t h e  wind a t  t h e  

cloud t o p  l e v e l ,  and t h e  o t h e r ,  t h e  m a x i m u m  wind speed below 500 m i l l i b a r s .  

max 

should be  max 

.The ave rage  wind speed a t  t h e  s u r f a c e  p r i o r  t o  t h e  g u s t  w a s  chosen 

as a n  independent  v a r i a b l e  f o r  t h e  r e g r e s s i o n  a n a l y s i s  because i t  is  

p l a u s i b l e  tha t  t h i s  ambient v e l o c i t y  is  an a d d i t i v e  component of t h e  

g u s t  v e l o c i t y .  

5.2 The V a r i a t i o n  of A t  Based on a Simple Kinematic Model 

The p h y s i c a l  v a r i a b l e s  t h a t  determine A t  are more c l o s e l y  dependent 

upon t h e  s t r u c t u r e  of the g u s t  f r o n t  r a t h e r  t h a n  on l a r g e r -  scale v a r i a b l e s .  

A schematic  drawing of t h e  thunderstorm and i t s  a s s o c i a t e d  g u s t  f r o n t  

(F igure  25) i l l u s t r a t e s  some of t h e  v a r i a b l e s  upon which A t  depends.  

W e  assume, based on o b s e r v a t i o n s ,  t h a t  t h e  g u s t  f r o n t  precedes  the pre-  

c i p i t a t i o n  echo by a d i s t a n c e ,  A r ,  t h a t  depends on t h e  age of t h e  s torm.  

I n  g e n e r a l ,  t h e  g u s t  f r o n t  i s  propagat ing  outwardly wi th  a r a d i a l  

r’  v e l o c i t y  V re la t ive t o  t h e  p r e c i p i t a t i o n  c e l l ,  which may a l s o  be  

t r a n s l a t i n g  wi th  a v e l c o i t y  C.  

p r o p o r t i o n a l  t o  t h e  t i m e  between t h e  g u s t  f r o n t  passage  and t h e  a r r iva l  of  

t h e  p r e c i p i t a t i o n  echo,  w e  may re la te  A t  t o :  

d i s t a n c e ,  R, from t h e  s t a t i o n  t o  t h e  t r a c k  of t h e  s torm c e n t e r ;  2 )  t h e  

r a d i u s ,  r ,  of t h e  p r e c i p i t a t i o n  echo;  

I f  we assume t h a t  t h e  gus t  l e n g t h  is  

1) t h e  pe rpend icu la r  

3) t h e  speed of t r a n s l a t i o n  of t h e  
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p r e c i p i t a t i o n  ce l l ;  4 )  t h e  r a d i a l  v e l o c i t y  of t h e  g u s t  f r o n t  re la t ive  

t o  t h e  p r e c i p i t a t i o n  c e l l ;  and 5) t h e  a g e ,  t ,  of t h e  g u s t  f r o n t ,  where 

t = O  is  d e f i n e d  as t h e  t i m e  when A r = O .  This r e l a t i o n s h i p  i s  

> I >  1 R s i n  (90 + - [ a r c s i n  (-) - a r c s i n  (- 
2 r V r t + r  

) I )  1 R R s i n  (90  - - [ a r c s i n  (-1 + a r c s i n  (- V r t + r  2 r 
(5.1) 1 A t  = (7 

F i g u r e  26 shows t h e  dependence of A t  on t h e  age of t h e  c e l l  and t h e  

r a d i a l  v e l o c i t y  of t h e  g u s t  f r o n t .  Each curve was determined f o r  a 

s t a t i o n  800 m from t h e  c e n t e r  of t h e  storm t r a c k  f o r  a p r e c i p i t a t i o n  c e l l  

of 1000 m r a d i u s  t r a n s l a t i n g  a t  5 mps. The t h r e e  cu rves  co r re spond ing  t o  

d i f f e r e n t  r a d i a l  v e l o c i t i e s  i n d i c a t e  t h a t  A t  i s  v e r y  s e n s i t i v e  t o  t h e  

r a d i a l  v e l o c i t y  of t h e  g u s t  f r o n t  over  the  g u s t  f r o n t  l i f e t i m e ,  so  t h a t ,  

a s l i g h t  i n c r e a s e  i n  r a d i a l  v e l o c i t y  produces a l a r g e  i n c r e a s e  i n  A t  w i th  

t i m e  . 
The v a r i a t i o n  of A t  wi th  p r e c i p i t a t i o n  c e l l  r a d i u s  and s t a t i o n  d i s -  

t a n c e  from t h e  c e n t e r  of t h e  storm t r a c k  i s  i l l u s t r a t e d  i n  F i g u r e  27. 

I n  t h i s  c a l c u l a t i o n  t h e  p r e c i p i t a t i o n  cell  speed ,  r a d i a l  v e l o c i t y  of g u s t  

f r o n t  and g u s t  f r o n t  age  were d e f i n e d  by C=5  mps, V =2 mps ,  and t=10 

minutes .  A s  shown i n  F i g u r e  2 7 ,  A t  does  not v a r y  wi th  r a t  R=O. Fur the r -  

more, A t  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  d i s t a n c e  of t h e  s t a t i o n  from 

t h e  c e n t e r  of  t h e  s torm t r a c k  u n t i l  t h a t  d i s t a n c e  exceeds about  two- th i rds  

of t h e  c e l l  r a d i u s .  I n  each  case, A t  i n c r e a s e s  v e r y  r a p i d l y  as R a p p r o a c l e s  

t h e  c e l l  r a d i u s  r .  F i n a l l y ,  f o r  a g i v e n  R#O, t h e  s torms  w i t h  t h e  smaller 

r 
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r a d i i  are a s s o c i a t e d  wi th  t h e  l a r g e s t  v a l u e s  of A t .  

I n  summary, a s imple  k inemat ic  model y i e l d s  r e a s o n a b l e  v a l u e s  of 

g u s t  l e n g t h  At as a f u n c t i o n  of t h e  age  of  t h e  s torm,  t h e  speed of t h e  

s torm movement, outward p ropaga t ion  v e l o c i t y  of g u s t  f r o n t  w i th  r e s p e c t  

t o  t h e  thunderstorm echo,  c e l l  r a d i u s ,  and d i s t a n c e  of  t h e  s t a t i o n  from 

t h e  t r a c k  of t h e  s torm.  For a t y p i c a l  r ange  of t h e s e  parameters ,  A t  

varies from z e r o  t o  t e n  minutes .  

5 . 3  Development of  Regress ion  Equat ions  

The r e g r e s s i o n  a n a l y s e s  were performed on a n  IBM 360/67 computer.  

Means and s t a n d a r d  d e v i a t i o n s  of each  v a r i a b l e  and c o r r e l a t i o n  c o e f f i c i e n t s  

f o r  each p o s s i b l e  p a i r  of v a r i a b l e s  were computed. 

d e v i a t i o n s ,  and c o r + e l a t i o n  c o e f f i c i e n t s  are l i s t e d  i n  Table  3. 

Thesc means, s t a n d a r d  

The f i r s t  column of Table  3 l i s t s  t h e  independent  and dependent  

v a r i a b l e s .  The second and t h i r d  columns g i v e  t h e  r e s p e c t i v e  means and 

s t a n t a r d  d e v i a t i o n s  f o r  each v a r i a b l e .  The las t  s i x  columns, when 

matched wi th  t h e  e i g h t  v a r i a b l e s  i n  column one ,  show t h e  c o r r e l a t i o n s  

between a l l  p o s s i b l e  p a i r s  of v a r i a b l e s .  

A s  expec ted ,  t h e  c e l l  speed i s  p o s i t i v e l y  c o r r e l a t e d  (r=0.37)  

w i t h  t h e  maximum wind i n  t h e  1000-500 m i l l i b a r  l a y e r .  A r e l a t i v e l y  s t r o n g  

c o r r e l a t i o n  (0.32) a l s o  e x i s t s  between t h e  i n s t a b i l i t y  index  and t h e  

average  s u r f a c e  wind speed p r i o r  t o  t h e  g u s t .  The h i g h e r  ave rage  wind 

speeds  a r e  a s s o c i a t e d  wi th  t h e  more u n s t a b l e  c o n d i t i o n s .  The p h y s i c a l  b a s i s  

f o r  t h i s  c o r r e l a t i o n  i s  t h e  inc reased  ve r t i ca l  exchange of momentum under  

u n s t a b l e  c o n d i t i o n s .  Under u n s t a b l e  c o n d i t i o n s ,  t h e r e f o r e ,  h i g h  momentum 
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from a l o f t  is  c a r r i e d  downward and low momentum n e a r  t h e  s u r f a c e  i s  

t r a n s p o r t e d  upward. Th i s  r eason ing  a l s o  e x p l a i n s  t h e  s i g n i f i c a n t  

n e g a t i v e  c o r r e l a t i o n  of -0.27 between t h e  i n s t a b i l i t y  index  and t h e  wind 

speed a t  c loud  t o p s .  

The second p a r t  of t h e  a n a l y s i s  w a s  a step-up m u l t i p l e  l i n e a r  

r e g r e s s i o n  procedure ,  i n  which number of m u l t i p l e  l i n e a r  r e g r e s s i o n  e q u a t i o n s  

were computed. These e q u a t i o n s  are ob ta ined  by adding  o r  d e l e t i n g  one v a r i a b l e  

a t  a t i m e ,  g i v i n g  r e g r e s s i o n  e q u a t i o n s  a t  i n t e r m e d i a t e  s t e p s  

0 + b x  ?1 = bo 1 1  

1 1 1 6, = bo + blxl + b x 
2 2  

2 2 2 2 y^3 = bo + b x + b2x2 + b3x3 1 1  

n- 1 
A n-1 + b?-'x + b;-'x2 + . . . . . + b x 1 n n  Yn = bo (5 .2)  

where t h e  3 

independent v a r i a b l e  ( t h e  lh-edictand) and the  x i  are t h e  v a r i o u s  p r e d i c t o r s .  

are t h e  b e s t  estimates i n  a l e a s t  squa res  s e n s e  of t h e  i 

The c o e f f i c i e n t s ,  bi, i n  e q u a t i o n  (5.2) are de termined  by minimizing 
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t h e  sums of s q u a r e s  of t h e  d e v i a t i o n s  of the  observed v a l u e ,  from 

t h e  p r e d i c t e d  v a l u e  y  ̂ . 
e q u a t i o n s ,  V a r i a b l e s  were added i n  t h e  o rde r  which y i e l d e d  t h e  g r e a t e s t  

r e d u c t i o n  i n  t h e  e r r o r  E. I f  t h e  v a r i a n c e  r e d u c t i o n  a s s o c i a t e d  wi th  

a g iven  independent v a r i a b l e  i s  i n s i g n i f i c a n t  a t  a s p e c i f i e d  level 

(2.5 .F l e v e l ) ,  t h e  v a r h b l e  i s  n o t  inc luded  i n  t h e  r e g r e s s i o n .  There- 

f o r e ,  t h e  f i n a l  e q u a t i o n  c o n t a i n s  on ly  those  v a r i a b l e s  t h a t  e x p l a i n  impor tan t  

p o r t i o n s  of t h e  v a r i a n c e .  A more d e t a i l e d  d i s c u s s i o n  of t h e  step-up 

r e g r e s s i o n  procedure  i s  g iven  by Efroymson (1967). 

'i 

I n  de te rmin ing  t h e  i n t e r m e d i a t e  r e g r e s s i o n  i 

5.4 Discuss ion  of  Regress ion  Equat ion  

The r e s u l t s  from t h e  81 Tampa thunderstorm cases showed t h a t  no 

independent v a r i a b l e s  were s i g n i f i c a n t l y  c o r r e l a t e d  wi th  t h e  para- 

m e t e r  A t  and no r e g r e s s i o n  e q u a t i o n  w a s  formed. Th i s  r e s u l t  i n d i c a t e s  

t h a t  A t  cannot  be e s t ima ted  from t h e  l a r g e r  scale rawinsonde and r a d a r  

pa rame te r s  s t u d i e d  h e r e .  A s  d i s c u s s e d  i n  s e c t i o n  5 .2 ,  A t  i s  a s t r o n g  

f u n c t i o n  of v a r i a t i o n s  i n  ce l l  r a d i u s ,  c e l l  a g e ,  motion of t h e  c e l l ,  and 

p o s i t i o n  of t h e  s t a t i o n  wi th  r e s p e c t  t o  t h e  c e n t e r  of t h e  s torm t r a c k ,  

S ince  t h e s e  v a r i a b l e s  were unknown, i t  i s  not s u p r i s i n g  t h a t  A t  w a s  un- 

c o r r e l a t e d  w i t h  any of t h e  independent v a r i a b l e s .  

I n  t h e  a n a l y s i s  f o r  t h e  peak wind g u s t ,  two independent v a r f i i b l e s ,  

t h e  s u r f a c e  wind speed p r i o r  t o  t h e  g u s t  and t h e  d r y  i n s t a b i l i t y  index ,  

were c o r r e l a t e d  r e l a t i v e l y  s t r o n g  wi th  t h e  peak g u s t .  

scat ter  diagram of t h e  g u s t  speed vs. t h e  average s u r f a c e  wind speed.  

F i g u r e  28 shows a 
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F i g u r e  28. Scatter diagram w i t h  l i n e  of b e s t  f i t :  of t h e  
speed maximum vs. t h e  ave rage  speed b e f o r e  
t h e  g u s t  f r o n t .  

60 



The l i n e  of b e s t  f i t  i s  a l s o  shown. F igu re  29 shows t h e  g u s t  speed as a 

f u n c t i o n  of t h e  i n s t a b i l i t y  index ,  w i th  t h e  l i n e  of b e s t  f i t  a l s o  shown. 

Both f i g u r e s  e x h i b i t  c o n s i d e r a b l e  s c a t t e r .  

The r e g r e s s i o n  e q u a t i o n  r e l a t i n g  t h e  peak g u s t  ( i n  q s )  t o  t h e  

ave rage  s u r f a c e  wind and t h e  i n s t a b i l i t y  index i s  

V = 3 . 2  + 1.02 v + .158 I ( 5 . 4 )  max S 

where v is  expressed  i n  mps and I is  expressed i n  d e g r e e s  C e l s i u s .  

However, t h e s e  two independent v a r i a b l e s  expla ined  on ly  t h i r t y - f o u r  

p e r c e n t  of t h e  v a r i a n c e  of  peak g u s t s ,  and t h e r e f o r e  are of on ly  l i m i t e d  

u s e  i n  p r e d i c t i o n .  

S 

The s m a l l  pe rcen tage  of exp la ined  v a r i a n c e  f o r  V i s  somewhat max 

d i s a p p o i n t i n g ,  bu t  n o t  unexpected i n  view of t h e  complexi ty  of t h e  uns t eady ,  

th ree-d imens iona l  thunders torm c i r c u l a t i o n .  There are several p o s s i b l e  

e x p l a n a t i o n s  why so  l i t t l e  v a r i a n c e  w a s  explained.  F i r s t ,  t h e r e  may 

be a d d i t i o n a l  impor tan t  independent v a r i a b l e s  t h a t  were n o t  t e s t e d ,  

The p o s s i b i l i t y  of f i n d i n g  a d d i t i o n a l  s i g n i f i c a n t  v a r i a b l e s  is  cons ide red  

u n l i k e l y  because  envi ronmenta l  v a r i a b l e s  t h a t  a r e  known t o  be  impor tan t  

i n  thunders torm developmenc ( s t a t i c  s t a b i l i t y  and v e r t i c a l  wind s h e a r )  

have a l r e a d y  been inc luded .  

A second and more p l a u s i b l e  exp lana t ion  i s  t h a t  t h e  rawinsonde 

pa rame te r s  were n o t  r e p r e s e n t a t i v e  of t h e  environment i n  t h e  immediate 

v i c i n i t y  of t h e  thunders torm ce l l .  Many of t h e  rawinsonde d a t a  were s i x  

hour s  earlier o r  la ter  t h a t  t h e  thunderstorm, d u r i n g  which t i m e  t h e  
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Figure  29. S c a t t e r  diagram w i t h  l i n e  of b e s t  f i t  of t he  
s p e e d  maxinum vs.. t h e  i n s t a b i l i t y  index. 
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environmental variables could have changed appreciably. It is probable 

that simultaneous soundings in the immediate vicinity of the thunderstorms 

would provide further reduction of the scatter. 

A third possibility is that dependent variable V is a point max 
estimate and may not be representative of the average peak gust associated 

with the thunderstorm. In the three-dimensional gust front structure, 

wide variation with respect to age of the gust front, and position with 

respect to the thunderstorm center may be expected. Thus, to expect any 

real reduction in scatter, one would have to stratify the data according 

to these two parameters. 

i' 
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